Accident-tolerant fuels (ATFs) are currently of high interest to researchers in the nuclear industry and in governmental and international organizations. One widely studied accident-tolerant fuel concept is multilayer cladding (also known as coated cladding). This concept is based on a traditional Zr-based alloy (Zircaloy-4, M5, E110, ZIRLO etc.) serving as a substrate. Different protective materials are applied to the substrate surface by various techniques, thus enhancing the accident tolerance of the fuel. This study focuses on the results of testing of Zircaloy-4 coated with pure chromium metal using the cold spray (CS) technique. In comparison with other deposition methods, e.g., Physical vapor deposition (PVD), laser coating, or Chemical vapor deposition techniques (CVD), the CS technique is more cost efficient due to lower energy consumption and high deposition rates, making it more suitable for industry-scale production. The Cr-coated samples were tested at different conditions (500 C steam, 1200 C steam, and Pressurized water reactor (PWR) pressurization test) and were precharacterized and postcharacterized by various techniques, such as scanning electron microscopy, Energy-dispersive X-ray spectroscopy (EDX), or nanoindentation; results are discussed. Results of the steady-state fuel performance simulations using the Bison code predicted the concept's feasibility. It is concluded that CS Cr coating has high potential benefits but requires further optimization and out-of-pile and in-pile testing.
Current nuclear fuel systems for light water reactors (LWRs) are based on a combination of a slightly enriched UO 2 pellet and a cladding made of a Zr-based alloy. This system has been used for about half a century, and its safety and performance have been continuously improved and optimized. However, rare events have occurred in which this system does not behave as safely as desired. These events include the accident at the Three Mile Island, TMI-2 reactor in 1979 and the severe events at Fukushima Daiichi in 2011. After the Fukushima accident, the nuclear industry, utilities, and research and governmental organizations started R&D programs with the objective of development of a nuclear fuel system with enhanced accident tolerance or development of accident-tolerant fuels (ATF).
One of the widely studied ATF concepts is multicomponent cladding (also known as coated cladding). The cladding is considered a near-term technology that can be developed and employed in several years. The concept is based on modification of current Zrbased alloys, on which different protective layers are deposited. Many coating materials have been studied by different groups, including different deposition techniques. This article summarizes results of testing of Zircaloy-4 (Zry-4) cladding coated with chromium using cold spray (CS) technique. Similar cladding concepts are under development at CEA/AREVA [1] , Korea Atomic Energy Research Institute [2] , Westinghouse Electric Company [3] , Czech Technical University [4] , Ukraine [5] , Institute for Energy Technology [6, 7] , and other institutes.
Materials and methods

Material and sample preparation
Chromium was chosen as a coating material mainly due to its extraordinary corrosion resistance, high melting point, good strength, high hardness, and good wear resistance. At the same time, chromium does not have a high neutron absorption cross section relative to natural elements such as nickel and is widely available at a reasonable cost. Owing to their similar mechanical and thermal properties, chromium is expected to be compatible with Zr-based alloys up to their eutectic temperatures, which are summarized in Table 1 . Moreover, operating experience with chromium inside reactor cores already exists because control rods in some LWRs were plated with chromium to increase wear resistance; chromium is also an alloying element in core structural steels.
Standard commercially available annealed Zry-4 was used as a substrate. The composition of the substrate as provided by the supplier and confirmed by EDX was the following: 1.32Sn-0.21Fe-0.11Cr-0.13O-BalZr. The Zry-4 material was cleaned, descaled, and handled before different experiments following the ASTM standard [8] .
Cold spray process
Zr-based substrate materials coated with chromium using various deposition methods have been widely studied [5, 12, 13] ; however, the CS technique brings new questions and uncertainties to the ATF development process that have to be further investigated. The CS process involves the acceleration of micron-sized particles (~5e75 mm) in the form of commercially available powders that are carried at a high pressure (6.8 bar/100 psie69 bar/ 1,000 psi) and sometimes in a heated gas stream (RTe1,200 C) in the solid state toward a suitable substrate, upon which the particles undergo tremendous plastic deformation [14] .
Upon impact, the plastic deformation disrupts and breaks down surface oxide layers on both the powder and the substrate, leading to a metallurgical bond and mechanical interlocking [15] . Because the feedstock powder is deposited in the solid state, the microstructure is retained after deposition, with the exception of dynamic recrystallization due to high strain levels. The CS process is good for materials that can not only undergo high levels of strain with low energy input but are also sufficiently work hardened to obtain the desired strength. An impact-induced shock wave interacts with the expanding contact edge of an impacting particle [16] , followed by adiabatic shear localization during the high-speed deformation of the particles on impact; this impact is characterized by localized temperature increases and strain concentration. Approximately 90% of the work of plastic deformation is converted to heat; the flow stress of most metals is sensitive to temperature, decreasing as temperature increases. During impact of the solid feedstock powder particles, the oxide layers on both the powder and the substrate surface are disrupted by "jetting" of the material and are partially removed, along with other impurities at the particleesubstrate interface, exposing highly reactive "virgin" metal and inducing subsequent metallic bonding between particle and substrate material [17] . The feedstock powder is in intimate contact with the exposed substrate, forming an adherent metallurgical bond as a result of the severe plastic deformation during particle impact [18] . Therefore, it can be deduced based on empirical evidence that impact-induced shock wave and adiabatic shear, in combination with mechanical interlocking, serve as predominant bonding mechanisms in CS.
The bonding mechanism associated with CS is analogous to that of cold welding, which is another type of solid phase welding process in which bonding is also the result of plastic deformation of the metals to be bonded. Bonding occurs at the "critical impact velocity" when two surfaces under extreme pressure are forced together such that the surface oxide layers are disrupted and bonding takes place between the opposing virgin metal surfaces [19] . Evidence from single particle impact experiments shows that the critical velocity of specific materials and the phenomenon of jetting are closely linked to shock-compaction phenomena [20] .
The VRC Gen III high-pressure CS system was used to produce all the specimens and was operated using helium as the accelerating gas. The feedstock powder was pure chrome (Fig. 1) , produced by Exotech, USA, and had an average particle size of 44 mm, an oxygen content of 600 ppm, and a nano-hardness value of 5.1 GPa. A De Laval tungsten carbide nozzle with a circular exit was used for this study. It has a 0.068-inch (1.75 mm) throat, a 0.2-inch (5 mm) exit with a 6-inch (152 mm) expanding length, and a 10 converging section. The remaining process conditions are listed in Table 2 . The as-coated surface without any additional treatment is shown in Figs. 2 and 3.
500 C steam oxidation test
Samples were first tested in low temperature steam to simulate in-reactor corrosion of the cladding material. The choice of the steam testing temperature results from a compromise between the representativeness and duration of the experiment. The uncoated and coated samples were exposed to water steam at 500 C for more than 20 days. The flow rate varied between 8e11 g of water/min. According to previous studies, the 500 C steam oxidation should result in material corrosion that is very comparable with typical PWR irradiationeassisted corrosion [21] .
Experimental setup
The setup consists of a big tank with deionized water heated by heat plates and a heat tape (steam generator). Steam coming from the steam generator is superheated in a furnace and piped away to the oxidation chamber. The chamber is heated by four independent heat tapes, ensuring uniform temperature inside the chamber. Several thermocouples monitor temperature distribution in the system and control the heat up and cooling of the system. The schematic representation of the setup is shown in Fig. 4. 2.3. High-temperature steam oxidation
Cr-coated closed samples were oxidized in steam at 1200 C. The steam oxidation facility was designed to expose samples to flowing steam in a vertical tube over a range of temperatures (1000e1600 C) and steam flow velocities (1e9 m/s) at atmospheric pressure. The schematic representation of the setup used is shown in Fig. 4 .
The Zry-4 tube was closed by an end plug also made from Zry-4 and welded by an electron beam. The tube was then polished, cleaned, coated with chromium by the CS, and oxidized in three consequent runs. First and second steam oxidations were 15 min long, and the last run was 60 min long. All tests were performed with the mass flow rate of 5.5 g/min, corresponding to a 2.19 m/s steam velocity and 0.032 g/s.cm 2 mass flux. Each sample was quenched in the air between each run. Only the first 6e7 cm of the rod is expected to be exposed to 1200 C steam because of the height limitation of the furnace.
Pressurization test
The oxidation facilities are designed to prove that the coating is protective in accident conditions and that it can reduce corrosion and related effects during normal operation. One of the main concerns of multicomponent claddings is adhesion of the coating Fig. 2 . As-coated sample. material during reactor operation. Fuel cladding undergoes various mechanical (both plastic and elastic) effects during normal operation, including creep, pellet-cladding mechanical interaction (PCMI), etc. Therefore, to demonstrate that it can serve its primary purpose as a protective layer, testing is necessary to determine if the coating survives such conditions.
Experimental setup
The pressurization test was designed to show the good adhesion properties of CS coatings in PWR conditions. The Zry-4 samples were first welded, then coated with chromium, and later inserted into a dynamic autoclave, which simulated in-reactor conditions with pressure of around 14 MPa and temperature of 310 C. Pure low conductivity water (0.05e0.08 mS/m) was used without any additions, and pH, inlet and outlet water conductivity, oxygen concentration, and electrochemical potential were monitored. The samples were open, with atmospheric pressure inside the tubes simulating open-gap condition.
After 20 days of compression of the cladding, the samples were pressurized up to 38 MPa for 12 days using argon to simulate PCMI conditions. Samples were then characterized, and the adhesion of the coating was studied. The appearance of uncoated and Cr-coated samples before, during, and after the pressurization test is shown in Table 3 .
Results
500 C steam oxidation
Two Cr-coated samples, two Cr metal samples, and four Zry-4 samples were oxidized in 500 C steam for up to 20 days. The Zry-4 corrosion shows very good agreement with published results, and oxide appearance and periodicity are similar to those after inreactor irradiation-assisted corrosion. A correlation for Zry-4 corrosion was derived and was later used to precisely calculate the weight gains from areas of other samples that were not coated.
One side of the Cr-coated sample contained visible defects after fabrication, and the thickness of the coating was considerably lower. The CS coating is very nonuniform in comparison with alternative coatings, such as PVD or 3-D laser coatings, as can be seen in Fig. 5 . However, the quality and also the uniformity of the coating can be improved by using finer particles and postspraying treatment. Even with defects and nonuniform coating, the samples show very high corrosion resistance. The appearance of the samples during the test is summarized in Table 4 . The pure chromium metal shows extraordinary oxidation resistance, and its weight gain is almost negligible. The weight gain of Cr-coated samples is higher due to defects that were found on all coated surfaces. It has to be noted that the weight gain of Cr-coated samples does not account for the surface roughness of the coating, which is high and considerably increases the oxidized area.
The scanning electron microscopy micrographs in Fig. 5 clearly show the different behaviors of Cr-coated and noncoated materials. The thickness of the Zr oxide at the edge of the sample reached 55 microns, whereas the Cr-coated surfaces show limited oxidation of the coating and the substrate. It can also be seen that Zr oxide is fragile and susceptible to cracking. The chromium coating remains stable even with low thickness and clearly protects the Zr-based substrate from oxidation in steam.
The graphs in Fig. 6 provide a comparison between the weight gains of pure Cr metal, Cr-coated Zry-4, and uncoated Zry-4. The weight gain of Zry-4 reaches almost 600 mg/dm 2 after 20 days, whereas the Cr-coated sample has a weight gain of around 95 mg/ dm 2 , and pure Cr metal has a weight gain of only 2.4 mg/dm 2 . There is clear acceleration of oxidation kinetics in the case of Zry-4 after about 150 h, which is typical behavior for ZreSn binary alloys.
High-temperature steam oxidation
The sample was oxidized three times in sequence at 1200 C. During the last run, the sample cracked, as can be seen in Fig. 8 . The bottom end cap was made from a bulk Zry-4 material with different crystal orientation in comparison with the tubular section of the sample. It was hypothesized that due to the anisotropic thermal expansion coefficient of Zry-4, the excessive expansion of the end cap caused cracking of the sample. Defects from the CS process near the end cap could also have resulted in initiation of cracking. The end cap and different sections of the tubular sample were later analyzed. Fig. 8 shows the appearance of the Cr-coated sample before and during oxidation. The appearance of the surface changed during the test in a manner similar to that of samples oxidized at 500 C (Table 4) , from as-received silver color over blue and green thin layer of Cr oxide to brown/dark yellow color at the end of the test. Scanning electron microscopy micrographs show that the tube cracked after approximately 45 min of the last exposition. This was revealed based on the thickness of the inner oxide of the sample, calculated by the Cathart-Pawel correlation [22] . The outer Crcoated surface of the sample proved to be very protective at high-temperature conditions even with very low thicknesses of the coating layer. As can be seen in Fig. 7 , a coating layer thickness ranging between 3 mm and 20 mm successfully limited oxidation of the substrate.
The inner surface of the sample was exposed to steam for about 15 min, resulting in a 96-mmethick Zr oxide. On the other hand, the outer surface was exposed to 15 þ 15þ60 min of high-temperature steam conditions, resulting in oxide which is 2e5 microns thick. This result is in agreement with the results of high-temperature testing of Cr-coated tubes performed by other groups [5] , [13] .
The end cap, which caused the cracking of the tube, showed completely different oxidation behavior in comparison with the tubular section of the sample. The chromium coating was still present, but a thick oxide layer was found underneath. The Cr coating was probably damaged at the tip of the end cap and steam oxidized the substrate under the coating, in effect causing twosided oxidation. The elemental EDX summary of the end cap section is listed in Table 5 . It needs to be pointed out that the atomic composition is only semiquantitative and should be used to understand the fundamental oxidation behavior, not to quantify the exact composition. The sample was very fragile due to the excessive oxidation, and some Cr layers may have been destroyed during cutting and handling.
Nanoindentation
One of the Cr-coated steam oxidation samples was used for nanoindentation test after oxidation in 500 C steam for 20 days. The test was performed at the interface between the Cr coating and the substrate, as can be seen in Fig. 10 . The resulting average values are summarized in Table 6 . The increase of the hardness at the interface between substrate and deposition material was observed earlier; it is caused by the interaction of sprayed particles with very high kinetic energy and Zry-4, causing a "cold workelike" effect. A thin transition layer formed between the substrate and the Cr coating, affecting the material properties at the interface. The hardening effect can also be detected with soft coating materials. It is therefore hypothesized that the hardening effect is caused by the deposition process, not by the formation of the interlayer. Further investigations are, however, needed.
Fuel performance modeling
Preliminary fuel performance simulations have been performed using the finite elementebased fuel performance code BISON [23] . The base cladding is modeled as Zr-4; its thermo-mechanical properties are detailed in BISON's theory manual [24] . As for the coating, chromium's thermo-mechanical properties had to be added to BISON. Specific heat, thermal conductivity, thermal expansion coefficient, Poisson's ratio, and yield strength were adopted from Holzwarth et al. [10] ; temperature-dependent elastic modulus was adopted from Armstrong et al. [25] . Thermal creep is modeled using Norton's creep law from data published by Stephens et al. [11] . The yield strength is kept constant and is calculated as a function of temperature, with no strain or irradiation hardening. This is for preliminary probing and helps provide an upper bound for possible plastic deformation as no hardening is assumed.
As for the simulation run, a simplified PWR power history is used with a constant power of 18 kW/m and a standard cosine peaking factor, reaching an average burnup of around 60 MWd/ kgU. A coating thickness of 50 mm is used for this simulation; the thickness is deducted from the base Zr cladding for the Zr-Ref and ZreCr to yield the exact same cladding dimensions. The resulting displacements, stresses, and plastic strains are shown in Fig. 11 . The theoretical 50-mmethick coating was chosen to ensure full coverage of the coating after undergoing wear in the LWR environment. The 50-mm Cr coatings on the fuel rods and guide tubes can introduce up to a 0.2% increase in enrichment requirement. The final thickness of the coating needs to be further optimized and is under investigation.
The ZreCr cladding showed performance similar to that of the reference Zry-4 cladding. The only differences came from the slightly lower inward creep for ZreCr; this resulted in delayed contact and smaller radial displacement by the end of life. Differences in fission gas release and consequent plenum pressure between the reference and the Cr-coated cases were within a range of 3% of difference. Similarly, the fuel centerline temperature difference was less than~2% in the precontact region due to the delayed gap closure for the ZreCr case. The chromium layer is expected to undergo plasticity during normal operation; this has not been experimentally confirmed to date. In this simplified case, the plastic deformation of the coating reached approximately 1% at the end of the simulated in-reactor life. Initial plasticity of the coating results from different thermal expansion coefficients; subsequent plasticity is mainly due to different creep and swelling strains between the two materials [26] . Based on preliminary calculations, the Cr CS concept is promising from the point of expected stress and strains during normal operation of PWRs. However, the simulation is based on available data, which to date are limited. The geometry and other operational parameters were simplified. Therefore, additional simulations and modifications of models are needed to precisely predict the behavior of Cr-coated nuclear cladding under more realistic operation conditions and possible transients, such as power ramps and loss-of-coolant accident (LOCA).
Discussion
The performance of cold sprayed Cr-coated Zry-4 cladding was presented. As supported by previous studies using PVD, Cr provides a better high-temperature oxidation resistant layer than does Zry-4. The coating exhibited good bonding strength and corrosion resistance even though standard commercial-grade powder and machinery with no postfabrication surface treatment were utilized. Compared with other deposition techniques (laser, and PVD), the coating is more heterogeneous and nonuniform due to the specifics of the CS technique. However, CS has advantages of high deposition Table 5 Atomic composition of the end cap after high-temperature oxidation as measured by EDX using JEOL JSM 6610LS. The location of the point is shown in Fig. 9 Fig. 9 . Cr-coated end cap after high-temperature oxidation. rate and related commercial adoption by the industry. The simulation of the coated Cr cladding under steady state showed the small impact on the overall performance of the cladding and the feasibility of the concepts. Future work includes further testing, including testing under irradiation, model development, and assessment of the coating performance under accident scenarios.
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